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Investigations of CP violation in hadron sector may be done using measurements in the ThO
molecule. Recent measurements in this molecule improved the limit on electron EDM by an order
of magnitude. Another time reversal (T) and parity (P) violating effect in 229ThO is induced by
the nuclear magnetic quadrupole moment. We have performed nuclear and molecular calculations
to express this effect in terms of the strength constants of T,P-odd nuclear forces, neutron EDM,
QCD vacuum angle θ, quark EDM and chromo-EDM.
I. INTRODUCTION
The best limits on the electric dipole moment (EDM)
of the proton and T,P-violating nuclear forces have been
obtained using the measurements of Hg atom EDM [1,
2]. The Hg EDM measurements also give a limit on the
neutron EDM, which is only twice weaker than that from
the direct neutron EDM measurement. There are also
measurements in other diamagnetic atoms (Xe, Ra, Rn)
[2–5] and TlF molecule [6, 7].
The problem is that the nuclear EDM, dN , in neutral
atoms and molecules is screened by electrons (the Schiff
theorem) and can not be measured directly. Therefore,
atomic EDM in heavy diamagnetic atoms is generated by
the Schiff moment [8, 9]. The Schiff moment is ∼ r2NdN ,
where rN is a very small nuclear radius [10] on the atomic
scale. As a result, the atomic EDM produced by the
nuclear Schiff moment is significantly smaller than the
nuclear EDM.
The magnetic interaction between the nuclear mo-
ments and electrons is not screened. The lowest T,P-odd
magnetic moment is the nuclear magnetic quadrupole
moment (MQM). To have MQM working we should
consider paramegnetic atoms and molecules, where the
electron angular momentum is not zero, and electrons
produce a magnetic field interacting with MQM. It
was shown in Ref. [8] that in paramagnetic atoms and
molecules MQM induces larger EDM than the Schiff mo-
ment (see also [11, 12]). Also, it was shown in Ref. [13]
that in deformed nuclei MQM has a collective nature
and is significantly enhanced (remind the reader that an
ordinary electric quadrupole moment is also enhanced in
deformed nuclei). Remarkably, in all molecules of current
experimental interest a heavy atom has a deformed nu-
cleus and this collective enhancement works (in isotopes
with nuclear spin I > 1/2, where MQM exists).
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Refs. [8, 14, 15] suggested to use paramagnetic
molecules to measure T,P-violating effects produced by
MQM. Heavy diatomic molecules with 3∆1 electron term
look especially promissing [15]. There are several reasons.
Firstly, the effect of MQM very rapidly increases with the
nuclear charge Z [8]. Second, the 3∆1 electron term has
Ω-doublet structure with a very small interval between
the opposite parity levels. This allows one to polarize
the molecule by a weak electric field and cancel some
systematic errors since the effect on the doublet compo-
nents has an opposite sign [16–18]. Magnetic moment of
the 3∆1 electron term is very small, and this is another
reason for reducing the systematic errors. Finally, a new
experimental technique was developed which allowed one
to improve the limit on electron electric dipole moment
using ThO molecule by more than an order of magnitude
[19].
The aim of the present paper is to perform accurate
calculations of MQM effect in ThO which should allow
one to measure nuclear CP-violating interactions and nu-
cleon EDM using ThO experiments [19]. These measure-
ments provide a method to search for physics beyond the
Standard model and test unification theories.
The T,P-odd electromagnetic interaction of the nuclear
magnetic quadrupole moment with electrons is described
by the Hamiltonian [20]:
H = −
M
2I(2I − 1)
Tik
3
2r5
ǫjliαjrlrk, (1)
where ǫjli is the unit antisymmetric tensor, α is the vec-
tor of Dirac matrices, r is the displacement of the elec-
tron from the Th nucleus, I is the nuclear spin, M is the
nuclear MQM,
Mi,k =
3M
2I(2I − 1)
Ti,k (2)
Ti,k = IiIk + IkIi −
2
3
δi,kI(I + 1) . (3)
In the subspace of the ±Ω states Hamiltonian (1) is re-
duced to the following effective molecular Hamiltonian
2[8]:
Heff = −
WMM
2I(2I − 1)
STˆn . (4)
Here parameter WM , Eq. (14), will be found from the
molecular calculations, S is the effective electron spin
[14], S=|Ω|=1, n is a unit vector directed along the
molecular axis ζ from Th to O, Ω = Je · n is the projec-
tion of the total electronic angular momentum Je on the
molecular axis. Note, that contrary to the |Ω| = 1/2 case,
Hamiltonians (1,4) do not mix Ω = ±1 components. Ne-
glecting the interaction between different rotational levels
one can obtain that MQM energy shift is
δ(J, F ) = (−1)Ω+I+F+1C(J, F )WMM , (5)
C(J, F ) =
(2J + 1)
2
(
J 2 J
−Ω 0 Ω
)
(
I 2 I
−I 0 I
)
{
J I F
I J 2
}
, (6)
where F is the total angular moment. For
229ThO (I = 5/2) and ground rotational level
J=1 Eq. (5) gives MQM energy shifts, |δ(J, F )|,
equal to 0.14WMM, 0.16WMM, 0.05WMM for F =
3/2, 5/2, 7/2, correspondingly.
II. NUCLEAR MAGNETIC QUADRUPOLE
MOMENT
Using the results of [8, 21], MQM of a valence nucleon
in a spherical nucleus may be presented as
M = [d− 2 · 10−21η(µ− q)(e · cm)]λp(2I − 1)tI , (7)
where tI = 1 for I = l + 1/2 and tI = −I/(I + 1) for
I = l − 1/2, I and l are the total and orbital angu-
lar momenta of a valence nucleon, η is the dimention-
less strength constant of the T,P-odd nuclear potential
ηG/(23/2mp)(σ · ∇ρ) acting on the valence nucleon, and
ρ is the total nucleon number density, the nucleon mag-
netic moments are µp = 2.79 for valence proton and
µn = −1.91 for valence neutron, qp = 1 and qn = 0,
d is the valence nucleon EDM, λp = ~/mpc. The MQM
of a deformed nucleus in the “frozen” frame (rotating
together with a nucleus) is given by the formula [13]:
Mnuclzz =
∑
M singlezz (I, Iz , l)n(I, Iz, l), (8)
where M singlezz (I, Iz , l) is given by Eqs. (7) and (2), Tzz =
2I2z−
2
3
I(I+1), n(I, Iz , l) are the orbital occupation num-
bers. For 229Th nucleus the occupation numbers have
been found using the diagrams presented in Ref. [22]:
13 neutrons on the orbitals g9/2, Iz = 5/2,±3/2,±1/2;
j15/2, Iz = ±5/2,±3/2,±1/2; i11/2, Iz = ±1/2; and
6 protons on the orbitals h9/2, Iz = ±3/2,±1/2; i13/2,
Iz = ±1/2.
The MQM in the laboratory frame M ≡ Mlab can be
expressed via MQM in the rotating frame (8):
M lab =
I(2I − 1)
(I + 1)(2I + 3)
Mnuclzz = (9)
[7 · 10−20ηnµn(e · cm)− 19dn]λp , (10)
where I = 5/2 is the 229Th nuclear spin. The proton
contribution is small due to an accidental cancellation of
the contributions of different orbitals.
The T,P-odd nuclear forces are dominated by the
π0 meson exchange. Therefore, we may express the
strength constants via strong πNN coupling constant
g = 13.6 and T,P-odd πNN coupling constants
corresponding to the isospin channels T = 0, 1, 2:
ηn = 5 · 10
6g(g¯1+0.4g¯2−0.2g¯0). The numerical coef-
ficient here was obtained as a product of two factors:
[Gm2pi/2
1/2]−1 = 6.7 · 106 from the π−meson exhange in
the zero-range limit and the factor 0.7 corresponding to
the zero-range reduction of the finite range interaction
due to the π0−exchange [8, 23]. For the charge meson
exchange the reduction factor is about 0.16 (since the
exchange interaction contains a small overlap of the pro-
ton and neutron wave functions in the π−pn vertex), and
we neglect this contribution. We have also included two
additional correction factors for the value of M . More
accurate numerical calculations in Saxon-Woods poten-
tail [8, 23] give larger values of MQM (the factor ∼ 1.2)
than the simple analytical solution in Eq. (7), on the
other hand, the many-body corrections reduce the effec-
tive strength constants of T,P-odd potential η ∼1.5 times
[13, 24]. As a result, we obtain
M(g) = −[g(g¯1 + 0.4g¯2 − 0.2g¯0)
+dn/(1.4 · 10
−14e · cm)] · 6 · 10−27e · cm2. (11)
Possible CP-violation in the strong interaction sector is
described by the CP violation parameter θ˜. According
to Ref. [25] gg¯0 = −0.37θ˜. This gives the following value
of MQM for 229Th:
M(θ) = −4 · 10−28θ˜ · e · cm2. (12)
Finally, we can express MQM in terms of the quark
chromo-EDM d˜u and d˜d using the relations gg¯1 =
4.·1015(d˜u − d˜d)/cm, gg¯0 = 0.8 · 10
15(d˜u + d˜n)/cm [26]:
M(d˜) = −2 · 10−11(d˜u − d˜d) · e · cm. (13)
The contributions of dn to MQM in Eqs. (11 -13) are
from one to two orders of magnitude smaller than the
contributions of the nucleon CP-odd interactions.
3III. ELECTRONIC STRUCTURE
CALCULATION
To obtain WM in the ThO molecule theoretically, one
can evaluate the following matrix element [15]:
WM =
3
2
1
Ω
〈Ψ3∆1 |
∑
i
(
αi × ri
r5i
)
ζ
rζ |Ψ3∆1〉, (14)
where Ψ is the electronic wave function of the considered
ThO state.
The matrix element (14) is a mean value of the oper-
ator heavily concentrated in the atomic core of Th and
sensitive to variation of core-region spin densities of the
valence electrons. This is example of the so-called “atom
in a compound” or AiC properties [27]. Efficient and
very accurate computations of such properties can be
performed by a two-step approach [7, 28] utilizing the
generalized relativistic effective core potential (GRECP)
method [29, 30]. In the first (molecular) step the GRECP
is used to exclude the inner-core electrons from a correla-
tion calculation and obtain an accurate description of the
valence part of the wave function by an economical way.
Thus, the computational cost of the relativistic molec-
ular calculation is dramatically reduced. It should be
noted that the GRECP operator allows one to take ac-
count of the Breit interaction very effectively [31, 32].
Second, a nonvariational restoration procedure is em-
ployed [28] to recover the valence wave function in the
inner core region of a heavy atom. The procedure is
based on a proportionality of valence and virtual spinors
in the inner-core regions of heavy atoms. To perform
the restoration one generates equivalent basis sets of one-
center four-component spinors(
fnlj(r)θljm
gnlj(r)θ2j−l,jm
)
and smoothed two-component pseudospinors
f˜nlj(r)θljm
in all-electron finite-difference Dirac-Fock-Breit and
GRECP / self-consistent field calculations (employing
the jj−coupling scheme) of the same configurations of a
considered atom and its ions [33–36]. These sets, describ-
ing mainly the given atomic core region, are generated
independently of the basis set exploited in the molecular
GRECP calculations. A first order reduced density ma-
trix obtained at the first step is reexpanded into the ba-
sis of smoothed two-component pseudospinors. Replac-
ing these pseudospinors by equivalent four-component
spinors one obtains the true four-component density ma-
trix. Taking trace of the product of the density matrix
with the matrix form of an operator describing a given
property one obtains the expectation value of the prop-
erty. Note that the numerical form of four-component
spinors is used which allows one to get a correct form
of the wavefunction in the core region of a given heavy
atom.
The single-reference two-component relativistic
coupled-clusters method with single, double and pertur-
bative treatment of triple cluster amplitudes, CCSD(T),
was used to take account of both the relativistic
and correlation effects for valence electrons. The
1s − 4f inner-core electrons of Th were excluded from
the molecular correlation calculations using the “va-
lence” semi-local version of the GRECP operator [30].
Thus, 38 electrons (5s25p65d106s26p66d27s2 (Th) and
1s22s22p4(O)) were treated explicitly in our correlation
calculations.
A basis set for Th from Ref. [37] was used with
extended number of d functions. It can be desig-
nated as (30,20,10,11,4,1)/[30,8,10,4,4,1]. For oxygen
the aug-ccpVQZ basis set [38] with removed two g-
type basis functions was employed, i.e., we used the
(13,7,4,3)/[6,5,4,3] basis set.
Within the (G)RECP approach it is possible to ex-
clude the spin-orbit effects for valence electrons only
and, thus, perform the scalar-relativistic calculations
[30]. This leads to considerable computational savings
and allows one to use larger basis sets exploiting the
same computational resources. We used this way to cal-
culate the correction for WM on the basis set enlarge-
ment. For this we have performed: (i) scalar-relativistic
CCSD(T) calculation using the same basis set as used
for the two-component calculation; (ii) scalar-relativistic
CCSD(T) calculation using the extended basis set on
Th [22,17,15,14,10,10,5]1 and extended basis set on O
– aug-ccpCVQZ basis set [38] with removed g-type ba-
sis functions, (16,10,6,4)/[9,8,6,4]. The corrections were
estimated as differences between the values of the cor-
responding parameters. Note that no cuts of the active
space of orbitals by energy were done in the correlation
studies, i.e., in the 38-electron CCSD(T) calculation with
the largest basis set in which all 1204 spin-orbitals were
involved in the calculation explicitly.
The experimental equilibrium internuclear distance
[39, 40] 3.511 a.u. for H3∆1 state was used in these calcu-
lations. It was shown in [37] that the calculated equilib-
rium internuclear distance as well as harmonic frequen-
cies are very close to the experimental data [39, 40].
The coupled-clusters calculations were performed us-
ing the dirac12 [41], mrcc [42] and cfour codes
[43]. The nonvariational restoration code developed in
[37, 44, 45] and interfaced to these codes was used to
restore the four-component electronic structure near the
Th nucleus. The expectation value of the operator cor-
responding to WM (14) was calculated using the code
developed in the present paper.
The result of earlier performed “semiempirical” esti-
mate [15], 1.9 10
33Hz
e cm2 , is in a good agreement with the
1 The number of s basis functions was reduced because of a linear
dependence problem, however, it did not influence the accuracy
of the evaluated property.
4TABLE I. The calculated values of WM parameter of the
H3∆1 state of ThO using the coupled-clusters methods. The
GRECP calculations were performed with (1c) and without
(2c) accounting for the spin-orbit effects.
Method WM ,
10
33
Hz
e cm2
1c-CCSD 1.81
1c-CCSD(T) 1.76
2c-CCSD 1.74
2c-CCSD(T) 1.68
2c-CCSD(T) 1.66
+ basis corr.
(Final)
current ab initio calculations 2.
It follows from Table I that the spin-orbit contribution
to WM is −0.08
1033Hz
e cm2 .
According to the density matrix analysis the main con-
tribution to WM comes from mixing of s and p orbitals
of Th while contribution from mixing p and d orbitals of
Th is negligible.
Exclusion of 20 outer core electrons (1s(O), 5s25p65d10
(Th)) from the correlation treatment reduces WM value
by 0.1 10
33Hz
e cm2 that is not a small value, therefore, cor-
relation of these electrons should taken into account in
accurate calculation.
In the scalar-relativistic CCSD(T) calculations we have
found thatWM only very slightly depends on the internu-
clear distance, it decreases monotonically by 0.004 10
33Hz
e cm2
from R(Th–O)=3.4 a.u. to R(Th–O)=3.56 a.u.
In the two-component CCSD(T) calculations we used
the orbitals from the two-component Hartree-Fock cal-
culation of the 1Σ+ state. Thus, the reference deter-
minant for the coupled-clusters calculation of the 3∆1
state was constructed from this set of spinors. To esti-
mate the uncertainty of WM due to a particular choice
of the reference determinant we have performed the
following three scalar-relativistic calculations: (i) us-
ing the orbitals (both in the reference determinant and
in excited configurations) obtained from the restricted
Hartree-Fock calculation of the 1Σ+ state (like that in
the two-component calculation), this corresponds to the
so-called QRHF-reference [46], (ii) using restricted open-
shell Hartree-Fock (ROHF) orbitals for the 3∆ state, and
(iii) using unrestricted open-shell Hartree-Fock (UHF)
orbitals for the 3∆ state. The results coincide within 0.02
1033Hz
e cm2 , i.e., the uncertainty due to a particular choice
of the reference configuration can be estimated as 1%.
Such a weak dependence on the orbitals choice is due to
a well-known advantage of the coupled-clusters method
when single-particle cluster amplitudes are included to
the exponential ansatz, because of its ability to take ac-
count of the effects of orbital relaxation efficiently (see,
e.g., [46]). Analyzing these results as well as the results
from Table I and our earlier studies within the two-step
procedure (e.g., see [47]) we expect that the theoretical
uncertainty for our final value of the WM parameter is
smaller than 7%.
Finally, one can express the MQM energy shift,
C(J, F )WMM , in terms of the fundamental CP-violating
physical quantities θ˜ and d˜u,d using Eqs. (12,13). For the
largest coefficient, C(J=1, F=5/2) = 0.16, we have
0.16WMM = −11 · 10
10θ˜ · µHz (15)
0.16WMM = −5 ·
1027(d˜u − d˜d)
cm
· µHz (16)
The current limits on |θ˜| and |d˜u−d˜d| (|θ˜| < 2.4 · 10
−10,
|d˜u−d˜d| < 6 · 10
−27 cm, see Ref. [2]) correspond to the
shifts |0.16 WMM | < 26 µHz and 30 µHz, respectively.
The current accuracy in measurements of the energy shift
produced by the eEDM in 232ThO is 700 µHz [19]. How-
ever, it is anticipated that it can be considerably im-
proved by as much as ∼ 2 orders of magnitude [48].
Therefore, if one performs similar experiment on 229ThO
the values of the frequency shifts produced by the nuclear
MQMs are sufficiently large to compete in the improve-
ment of limits on the θ˜-term and on the difference of the
quark chromo-EDMs (d˜u − d˜d).
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